Results A prominent early component of plasticity in both S1 and V1 is a rapid depression of neuronal responses to Physiological Properties of Excitatory Vertical deprived sensory inputs, which often precedes a subseInputs onto Layer II/III Pyramidal Cells quent increase in responses to spared inputs (Mioche Vertical, within-column inputs to layer II/III pyramidal and Singer, 1989; Glazewski and Fox, 1996). This decells were studied in acute slices of S1 using just-suprapression has been well described in S1 of young adult threshold extracellular stimulation in layer IV and wholerats in which all but a single whisker is plucked for cell recording in layer II/III pyramidal cells in the same several days to weeks (univibrissa rearing). In normal barrel column ( Figure 1A) . In voltage-clamp recordings, rats, virtually all layer IV and layer II/III neurons within a evoked postsynaptic currents consisted either of a singiven barrel column in S1 respond most strongly to gle, short-latency inward current at Ϫ70 mV or a shortlatency current followed by variable, longer-latency inward currents (Figure 1B 1 ) . In current clamp, similarly E-mail: dfeldman@codon.nih.gov.
izing the cell to 0 mV for 50-75 consecutive stimuli without changing the stimulation rate. The cell was then Bicuculline methiodide (BMI) was routinely applied focally near the recording site to block ␥-aminobutyric returned to Ϫ70 mV, and plasticity was assessed. For the cell in Figure 2A , this protocol increased mean EPSC acid type A (GABA A ) inhibitory postsynaptic currents (IPSCs) without inducing epileptiform activity (Castroamplitude from 20.5 pA during the baseline period to 28.1 pA measured 10-15 min after repolarization, an Alamancos et al., 1995). Under these conditions, postsynaptic currents reversed at 0.6 Ϯ 0.9 mV (n ϭ 17), EPSC amplitude ratio of 1.37. Across all cells, the mean EPSC amplitude ratio following LTP was 1.45 Ϯ 0.19 confirming that GABA A receptors were blocked completely and that currents were EPSCs ( Figure 1C ). EPSCs (SEM, n ϭ 8, age: 20-22 d). LTP was stable for the duration of recording (average: 30 min, maximum: 48 had two components with properties characteristic of AMPA and NMDA receptor currents (Hestrin et al., 1990 ). min; Figure 2C ) and was significant across the cell population (p Ͻ 0.05, two-tailed, one-sample t test). The AMPA current had rapid kinetics, was prominent at Ϫ90 mV, was largely voltage independent, and was To induce LTD, cells were transiently depolarized to Ϫ50 mV instead of 0 mV, a procedure that induces LTD completely blocked by 10 M 6-cyano-7-dinitroquinoxaline-2,3-dione (CNQX; n ϭ 6; Figure 1D ). The NMDA at hippocampal and thalamocortical synapses (Feldman et al., 1998; Ngezahayo et al., 2000) . In the cell in Figure current had slower kinetics, was CNQX resistant, was observed only at depolarized potentials, and was revers-2B, the mean EPSC amplitude decreased from 17.1 pA during baseline to 11.2 pA following repolarization, an ibly blocked by 50 M D-APV (n ϭ 8; Figure 1D an EPSP slope ratio of 1.38. LTP was not associated After a stable baseline period, a brief positive current with any appreciable changes in input resistance, series injection (range: 0.5-1.8 nA, mean: 1.4 nA, 5-6 ms duraresistance, or membrane potential. tion) was used to evoke a postsynaptic AP at a precise LTD was induced when the AP preceded the EPSP delay preceding or following each EPSP. After 50-100 during the pairing period (i.e., the pairing delay was pairing sweeps, current injection was suspended, and negative). In the example in Figure 3B , the pairing delay EPSPs were monitored to detect plasticity. Cells were was Ϫ107 ms (AP leading pairing delays of Ϫ8 to Ϫ50 ms, the mean slope ratio was 0.79 Ϯ 0.05 (SEM, n ϭ 15; Figure 3D ). Plasticity (SEM, n ϭ 5; Figure 3C ). LTD was observed most consistently with pairing delays of 0 to Ϫ50 ms (AP leading).
was not observed when only EPSPs (mean slope ratio 1.02 Ϯ 0.06, n ϭ 5) or only APs (1.01 Ϯ 0.03, n ϭ 6) p Ͻ 0.05). Significant LTD was observed for delays of 0 to Ϫ14 ms (mean slope ratio: 0.82 Ϯ 0.07, n ϭ 7, p Ͻ were elicited during the pairing period ( Figure 3E Figure 5A ).
Plasticity Induced by Brief Changes
Across all cells, there was no significant correlation in AP-EPSP Timing between age and the magnitude of plasticity for either To confirm that brief changes in AP-EPSP timing were LTP (3-12 ms pairing delays, n ϭ 13, r ϭ 0.146, p Ͼ 0.5), sufficient to induce long-term plasticity, 37 neurons LTD at short pairing delays (Ϫ8 to Ϫ22 ms delays, n ϭ were subjected to a "delay change" protocol in which 27, r ϭ 0.158, p Ͼ 0.2), or LTD at long pairing delays both EPSPs and APs were elicited at a constant rate (Ϫ39 to Ϫ50 ms delays, n ϭ 10, r ϭ 0.043, p Ͼ 0.5). throughout the experiment, and plasticity was induced Thus, the temporal window for induction of LTD exsimply by transiently changing the relative timing of tended to delays of at least Ϫ50 ms, whereas the window EPSPs and APs. Figure 4A shows an example in which for induction of LTP included only delays less than ϩ14 LTP was induced. An EPSP and an AP were evoked in ms. This difference, which was unexpected, correevery sweep of the experiment (0.133 Hz). During the sponds to an LTD window that is at least three and a baseline and test periods, the AP followed the EPSP half times longer than the window for LTP. with a delay of ϩ500 ms. During "pairing," the AP-EPSP delay was changed to ϩ9 ms for 40 consecutive sweeps, after which it was returned to ϩ500 ms. This brief change were observed in control experiments in which a conproduced an additional NMDA receptor-independent form of LTD. stant delay of ϩ500 ms was maintained throughout the 50 min experiment in the presence of APV (EPSP slope ratio 1.03 Ϯ 0.09, n ϭ 4). Thus, LTP and LTD inDisinhibition Is Not Required for Plasticity duced by AP-EPSP pairing at this synapse required
Depression of EPSPs Uncorrelated with Postsynaptic Spiking
In the experiments reported above, inhibition was NMDA receptor activation. However, when NMDA reblocked with BMI to allow EPSPs to be studied in isolation. However, disinhibition was not required for inducceptors were blocked by APV, positive pairing delays The learning rule in Figure 5 predicts that vertical inand LTD can be induced at thalamocortical synapses puts that are active immediately before postsynaptic in layer IV of S1 only during an early developmental APs and therefore contribute to pyramidal cell spiking period ending at P7-P8 (Crair and Malenka, 1995; Feldwill be strengthened, while synapses that are active after man et al., 1998). This age dependence for LTP and postsynaptic APs will be weakened. This behavior is LTD correlates with layer-specific critical periods for characteristic of any learning rule in which positive deexperience-dependent plasticity: in layer IV, plasticity lays lead to LTP and negative delays lead to LTD. The in response to altered patterns of whisker input is most unusually long temporal window for LTD induction conrobust during an early critical period ending at P4-P6, fers a second, unexpected property: because the intewhereas in layer II/III, plasticity persists through at least gral of the LTD window is larger than that of the LTP 1 year of age (Fox, 1992; Diamond et al., 1993 Diamond et al., , 1994  window, EPSPs that are temporally uncorrelated or Armstrong-James et al., 1994; Glazewski and Fox, 1996) . poorly correlated with postsynaptic spiking will, over time, elicit more LTD than LTP, and, therefore, synapses generating uncorrelated EPSPs will depress. Consistent still significant when all whiskers are deprived ( Figure  7C ). In this case, only spontaneous firing will occur. If Implications for Experience-Dependent spontaneous firing patterns in layer IV and layer II/III Plasticity in S1
are poorly correlated, LTD will result, because vertical This timing-based learning rule provides a simple explaEPSPs will be poorly correlated with postsynaptic nation for the depression of deprived sensory responses spikes. However, because postsynaptic firing rates will in primary sensory cortex. Recall that during univibrissa be lower than during univibrissa rearing, AP-EPSP pairrearing, principal whisker responses are rapidly deing events will occur less frequently, and, therefore, less pressed in layer II/III of deprived barrel columns in S1 principal whisker depression should result. Conversely, and that this depression has been proposed to reflect when multiple whiskers are spared around a single de-LTD at excitatory vertical synapses from layer IV to layer prived barrel column, layer II/III neurons in that column II/III (Fox, 1992; Glazewski and Fox, 1996) synaptic spiking, will drive depression of vertical inputs. This mechanism can explain several important aspects of map plasticity in S1 and V1. 
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